Poly(4-vinylpyridine), 4VP, resins cross-linked with oligo(ethylene glycol dimethacrylates) were used for chelating resins. Sorption for some metal ions by complexation in acetate buffer (pH 3-6) was investigated mainly by using the 4VP resins cross-linked with hydrophilic tetraethylene glycol dimethacrylate (4VP-4EG) and that cross-linked with hydrophobic divinylbenzene (4VP-DVB). The difference in cross-linkers of the 4VP resins strongly affected the sorption behavior, such as the pH profile of the sorption of metal ions and the capacity for Co(lI), Ni(ll) and Cu(ll). 4VP-4EG showed higher metal sorption than 4VP-DVB in acetate buffer, suggesting that hydrophilicity of the resin matrix, other than chelating groups, should be taken into account in the design of chelating resins.
Poly(4-vinylpyridine), 4VP, resins have been extensively investigated in the field of separation analysis, including selective sorption of metal ions'-3, collection of phenols4'5, column packings in gas chromatography6'' and high performance liquid chromatography.8~10 Most of the reported 4VP resins are highly cross-linked with divinylbenzene (DVB), and the pyridine groups bind tightly to the polymer matrix.
We have previously reported that macroreticular 4VP resins cross-linked with DVB could selectively adsorb some metal ions by complexation.3 However, the amount of metal ions sorbed by the complexation decreases when the pH of the aqueous medium increased to more than pH 4 -5. This behavior is mainly due to the structural rigidity of the cross-linker (DVB) rather than to the dissociation property of the pyridine moiety on the resin. Structural rigidity and hydrophobicity may be undesirable properties with regard to complexation of metal ions on resin. To improve these drawbacks of 4VP resin resulting from the hydrophobic nature of the cross-linker, we investigated three kinds of resins cross-linked with hydrophilic ethylene glycol dimethacrylate (1 EG), triethylene glycol dimethacrylate (3EG), and tetraethylene glycol dimethacrylate (4EG). These resins have higher hydrophilicity than the resin with DVB. The usefulness of oligo-ethylene glycol dimethacrylates as cross-linker of amidoxime resins for recovery of uranium from seawater has been reported elsewhere." The present study examined the usefulness of the 4VP resins cross-linked with oligo-ethylene glycol dimethacrylates in comparison with that of the resin crosslinked with DVB.
Experimental
Apparatus and reagents A Shimadzu AA-610S atomic absorption spectrophotometer was used for the determination of metal ions.
The surface properties of the resins were measured with a Monosorb (Iwaki Co. Ltd.) and a mercury porosimeter-220 (Karlo Elba).
4VP was purified by distillation before use. Commercially available DVB solution (nominally containing about 55% DVB) was washed with 2 M NaOH solution and water to remove inhibitor and dried over anhydrous calcium chloride.
Oligo(ethylene glycol dimethacrylates) (1 EG, 3EG and 4EG) were treated as the DVB solution after dilution with an equal volume of benzene, and the benzene was removed using rotary evaporator at 30-40°C.
The stock metal ion solutions were prepared by dissolving reagent-grade nitrates or chlorides in water or the matrix acids and standardized by complexometric titration.
Preparation of resins
Macroreticular resins cross-linked (cross-linking agents: 25v/ v%) with 1 EG, 3EG, 4EG and DVB are abbreviated as 4VP-1 EG, 4VP-3EG, 4VP-4EG and 4VP-DVB, respectively.
4VP-lEG, 4VP-4EG and 4VP-DVB resins were prepared as reported previously. 12 In the case of 4VP-3EG, toluene (one-half volume of the monomer phase) was used as the diluent of the monomers. The resin beads of particles between 60 and 100 mesh were used in sorption studies of metals.
Measurement of swelling properties of resins
A 400-mg portion of the dry resin was placed in a 20-m1 graduated cylinder. After reading the volume, 10 ml of buffer or salt solution was added to the cylinder. After standing for 24 h at 20° C, the volume of the resin was measured. The extent of swelling is represented as the volume swelling ratio.
Determination of apparent ply, of resins
This was determined from their titration curves according to the method of Helfferich.13
Determination of carboxyl group in resins
One gram of dry resin was packed into a glass column (1X15 cm) and washed with 200 ml of water. One hundred ml of 0.1 M NaOH solution was passed through the column at a flow rate of 1 ml/min. The column was washed with 50% ethanol until the effluent showed neutral, and sodium retained on the column was eluted with 50 ml of 0.1 M HCl at a flow rate of 0.5 ml/ min.
The sodium in the eluate was then determined by atomic absorption spectrophotometry.
Sorption of metal ions by batch operation
The metal solutions (10 -50 ml) were shaken with 100 mg of each resin for 24 h in a reciprocating shaker (Iwaki Co. Ltd.). The resin was filtered through glass wool, and the amount of metal ions remaining in the filtrate was determined complexometrically or by atomic absorption spectrophotometry.
Separation of Co(1J) and Ni(1I) by column operation 4VP-4EG (1.0 g as dry basis) was slurried with water,
packed into a glass column (1X20 cm), and washed with 100 ml of buffer solution (1 M acetate buffer containing 1 M sodium nitrate, pH 4.0). The test solution (1 ml) containing Co(II) and Ni(II), pH 4.0, was added to the column, and 40 ml of the buffer was passed through at a flow rate of 1 ml/ min; Ni(II) was then eluted with 50 ml of 1 M HCI. The metal ions in the eluates were determined by atomic absorption spectrophotometry.
Results and Discussion
Fundamental properties of resins The 4VP resins used in this study are shown in Scheme 1, and the physical properties of the resins are summarized in Table 1 . Although all the resins reveal macroreticular structure, the specific surface areas of the resins cross-linked with oligo-ethylene glycol dimethacrylates (i.e., IEG, 3EG, 4EG) are smaller than that with divinylbenzene (DVB). The values of waterregain, which reflect the degree of hydrophilicity of the resin, are influenced by the kind of cross-linker; the highest water-regain was observed in 4VP-4EG.
An important property of chelating resins is a fast equilibration rate. As shown in Fig. 1 , 4VP-4EG and 4VP-DVB show higher sorption rates toward Cu(II) in an acetate buffer (1 M, pH 4.0), where coordination of pyridine moiety plays a role in the sorption of the metal ion. Therefore the subsequent experiments on sorption of metal ions were carried out mainly by comparing 4VP-4EG with 4VP-DVB. -In the preparation of spherical 4VP resins , sodium Table  1 Physical nronerties  of 4VP resins hydroxide is added to the aqueous phase (suspension medium for organic phase) to minimize dissolution of 4VP monomer. Consequently, it is possible that carboxyl groups could occur on the resins by saponification of ethylene glycol dimethacrylates in the polymerization processes. The effects of the carboxyl group, which may be formed, should be taken into consideration in elucidating the nature of 4VP resins. Thus, we determined the carboxyl groups in 4VP-4EG and found that the content of carboxyl groups was negligibly small.
Sorption of metal ions
The sorption behavior of selected metal ions at various pH values on 4VP-4EG and 4VP-DVB is shown in Fig. 2 . It is interesting that the difference in cross-linkers of 4VP resins markedly affects the sorption manner of metal ions. It has previously been reported that a steep decline on the sorption curves for metal ions on 4VP-DVB is observed at the pH regions greater than the pKa of the resin.
However, the decrease in the sorption of metal ions on 4VP-4EG, except for Ni(II), is smaller than that on 4VP-DVB. This is because the hydrophilicity of 4VP-4EG could be retained even above pH 5. The total capacities of 4VP-4EG and 4VP-DVB toward some selected metal ions in an acetate buffer (1 M, pH 4.0) are shown in Table 2 . Both resins showed high affinity for Ni(II), Cu(II) and Hg(II). The order of affinity for metal ions corresponds to that of the stability constants of pyridine-metal complexes.14 In general, the capacities of 4VP-4EG for metals are 2 to 5 times higher than those of 4VP-DVB. This suggests that 4VP-4EG, with its high hydrophilicity and high pyridine content, is more suitable for the sorption of metal ions.
The sorption of Co(II), Cu(II) and Ni(II) on 4VP-4EG in various concentrations of acetate buffer is shown in Fig. 3 . The sorption of both metal ions increases with increasing concentration of the buffer. It is thought that swelling of the resin in the acetate buffer may affect the metal sorption. The swelling ratios of 4VP-4EG in different concentrations of acetate buffer were determined, and the results are shown in Table 3 . It is clear that the extent of swelling correlates to the sorption capacity.
Other than the swelling property, it is necessary to take into account the fact that acetate ions contribute to the complexation on the resin. In order to clarify Swelling ratio: (A-B) l W; A, volume of swollen resin (ml); volume of dry resin (ml); W, weight of dry resin (g).
this effect, the relationship between the Cu(II) acetate complexes and the acetate ion concentrations is calculated from their stability constants.15 As shown in Fig. 4 , the contribution of acetate ion in the coordination can account for the increase in sorption capacity in higher concentrations of acetate buffer. Sorption of metal ions by complexation on 4VP resin cross-linked with hydrophobic DVB in the presence of a neutral salt such as sodium chloride or sodium nitrate has been reported. 3 The sorption capacity for Cu(II) increased with increasing sodium chloride concentration but not with sodium nitrate concentration. In the case of 4VP resin cross-linked hydrophilic 4EG, a similar behavior is observed.
Separation of Co(II) and Ni(II) by column operation
As an example of the application of 4VP-4EG, Co(II) and Ni(II) were separated by a column operation.
The result is shown in Fig. 5 . The difference in the sorption profiles (Fig. 2) suggests that the two metals are separable from each other at a pH region of 3 to 4. In the column operation, however, it was found that a considerable amount of Ni(II) leaked into the Co(II) fraction without addition of sodium nitrate to the acetate buffer (pH 4.0). The presence of sodium nitrate may affect the sorption rate of Ni(II). Under the experimental condition, Co(II) and Ni(II) were quantitatively recovered. 
